INTRODUCTION
The innate immune system in multicellular organisms serves as a universal mechanism to recognize microorganisms and to defend against potential infectious agents. 1, 2 To achieve the broad base recognition, the innate immune system is designed to detect conserved molecular patterns in micro-organisms. Therefore, efficient pattern recognition is a fundamental event for the activation of the innate immune system.
Toll and Toll-related proteins represent a family of receptors that are involved in mediating innate immune responses in insects and mammals. 3, 4 The Drosophila Toll was initially characterized as a transmembrane receptor involved in the control of dorsal-ventral polarity during embryonic development. Toll was found later to be an essential receptor in the innate immune response against fungal and bacterial infections in Drosophila. 5, 6 The Toll pathway controls the induction of antimicrobial peptide genes through an intracellular signaling cascade resulting in the nuclear translocation of two NF-κBrelated transcriptional regulators, Dorsal and Dif. As demonstrated by microarray studies, the Toll pathway not only can activate antimicrobial peptide genes but also a substantial number of other innate immune responsive genes. 7 Peptidoglycan recognition proteins (PGRPs) and Gram-negative binding proteins (GNBPs) in Drosophila have been implicated in the initial recognition events leading to activation of the Toll pathway. [8] [9] [10] Upon recognition of fungal and Gram-positive bacterial components by these upstream proteins, a proteolytic processing occurs that activates the cleavage of the Drosophila host protein Spätzle. Spätzle likely functions as the ligand for Toll by binding to Toll and stimulating receptor multimerization. 11, 12 Thus, the Drosophila Toll appears to act downstream of the pattern recognition events, while some of the mammalian TLRs may directly recognize microbial compounds. The Drosophila Toll protein family consists of nine members. The prototypic Toll has been characterized extensively, but the functions of other Toll-related proteins remain largely unknown. Nonetheless, 18-Wheeler/Toll-2 may have a minor role in the antibacterial response, Toll-5 can weakly activate the expression of the antifungal gene drosomycin, and Toll-9 can highly activate the expression of drosomycin. 13, 14 We set out to investigate the activation mechanism and the functions of Toll and Toll-9. By assaying for the expression of antimicrobial peptide genes, the nuclear translocation of GFP-NF-κB reporter protein, and the cellular distribution of Toll-YFP, we demonstrate that both septic injury and direct stimulation by microbial substances can induce innate immune response in whole larvae and in dissected fat bodies. We also show by microarray analysis that activated Toll and Toll-9 are able to modulate the expression of a similar set of target genes. Moreover, there are genes that are regulated only by Toll or only by Toll-9. Together, our results suggest that the Drosophila Toll and Toll-9 can serve as models to study the response in immune tissue and the regulation of gene expression following microbial stimulation.
MATERIALS AND METHODS

Transgenic flies
The generation of GFP-Dorsal and YFP-Relish lines has been described. 15 To generate the Toll-YFP construct, the Toll cDNA was used as a template for PCR amplification and the reaction product was cloned into a Bluescript vector containing the YFP coding sequence. This resulted in a fusion with the YFP sequence located at the C-terminus of Toll. The construct was then subcloned into the pUAST vector for the generation of transgenic lines in the y w strain. Homozygous transgenic flies were used for genetic crosses with the Cg-Gal4 driver line for expressing GFP fusion proteins in larval fat bodies. 15 The 127-Gal4 line was a P element insertion line of the Gal4 coding sequence in the Drosophila genome and shows expression in the larval fat bodies. 16 This line was used as the driver for the expression of pUAS-Toll-9. The OregonR, CantonS, or 127 Gal4 strains were used as control.
Wounding, immune challenge, and ex vivo fat body stimulation
Wounding was carried out by puncturing, with an aseptic needle, the cuticle of third instar larvae. Larvae were allowed to recover on a clean and UV-sterilized Whatman paper, kept humid inside a sterile Petri dish. Septic injury was performed by pricking larvae with the needle previously dipped in sterile phosphate buffered saline (PBS, pH 7.2), larval homogenates, or in a mixed cultures of bacteria (Escherichia coli, Erwinia carotovora, Micrococcus luteus, and Enterobacter cloacae). After pricking, the larvae were allowed to recover for 60 min. The larvae were subsequently used for RNA preparation or for isolation of fat bodies for fluorescence microscopy. In ex vivo experiments, fat bodies were dissected from third instar larvae and, in the presence of hemolymph, were incubated with commercial microbial compounds. The compounds were lipopolysaccharide (LPS, E. coli O55:B5, Sigma L-4524, phenol extracted), lipoteichoic acid (LTA, Bacillus subtilis, Sigma L-3265), peptidoglycan (PGN, Staphylococcus aureus, Fluka 77140), and laminarin (LAM, Laminaria digitata, Sigma L-9634). LAM is a soluble and linear form of β-1,3-glucan extracted from the brown algae cell wall. Each compound was used at 10 µg/ml concentration in a final volume of 200 µl for 20 dissected larvae. Incubation was for 60 min at room temperature. The fat bodies were then mounted onto glass slides for protein visualization under fluorescence microscopy.
RNA, Northern blot, and microarray analysis
Total RNA from whole larvae was extracted with TRI reagent (Molecular Research Center, Inc.) and used in Northern blot analysis after transferring onto GeneScreen Plus membrane (Perkin Elmer). PCR was used to generate DNA fragments from the cecropin, diptericin, drosomycin, and ribosomal protein 49 cDNA clones, and the fragments were used for the synthesis of radiolabeled probes. The Toll-9 radiolabeled probe was generated directly from a purified cDNA fragment. For microarray studies, total RNA from the various fly strains was extracted with TRI reagent. The RNA was extracted again using molecular biology grade phenol:chloroform:isoamyl alcohol (25:24:1; pH 6.6; Ambion ® ). The generation of the first strand cDNA, the double stranded cDNA, the labeling and fragmentation of cRNA, and the hybridization was performed according to the Affymetrix GeneChip ® Expression Analysis Manual. Synthesis of biotin-labeled cRNA was performed through in vitro transcription reactions using the ENZO BioArray ™ HighYield ™ RNA transcript labeling kit.
RESULTS
Induction of antimicrobial peptide gene expression in larval fat bodies
A common method for inducing innate immune response in Drosophila is by septic injury, which is introducing bacteria by pricking or injection. 17 Wounding may play a role in the induction of antimicrobial peptide genes especially in larvae because the animals live in fermented food environments and a wound would certainly lead to infection. We examined the effects of wounding and microbial infection of larvae by performing clean wounding and septic injury experiments. Animals were rinsed thoroughly in sterile water and then treated with 70% ethanol as a cleaning procedure. They were then pricked with clean and ethanolsterilized needle. In parallel experiments, the needle was previously dipped in sterile water, fly extract, or mixed bacterial culture. Northern blot analysis showed that the induction of three antimicrobial peptide genes, cecropin, diptericin, and drosomycin, was efficient within 4 h under these experimental conditions (Fig. 1A) . We also Toll and Toll-9 in Drosophila innate immune response 263 Fig. 1 . Wound-and septic-injury-induced responses in larval fat bodies. (A) Wounding was carried out by puncturing, with an aseptic needle, the cuticle of 20 cleaned third instar larvae. In parallel experiments, a similar procedure was also applied using needles previously dipped in sterile PBS, freshly prepared larval extract, or bacteria. Northern blot analysis of cecropin, diptericin, and drosomycin gene expression is shown. The rp49 gene was used as a loading control. The expression of the antimicrobial peptide genes followed different kinetics and was detected as early as 1 h after induction. The results show that there is an induction of antimicrobial peptide gene expression during the early hours after injury, while the presence of bacteria can induce a better response under some circumstances. (B-I) NF-κB translocation in response to stimulation. Third instar larvae were wounded under clean conditions and the nuclear translocation of GFP-Dorsal and YFP-Relish was examined. At 30 min, the GFP-Dorsal translocation was not obvious but increased significantly after 60 min. The YFP-Relish translocation was weak after 60 min. When injury was performed using a needle previously dipped in a concentrated, mixed bacterial culture (septic injury), the nuclear translocation was much more prominent for both GFP-Dorsal and YFP-Relish reporter proteins. All the images were captured using a FITC filter.
used GFP-NF-κB as reporter proteins to compare the effects of wounding and septic injury. Wounding led to some levels of GFP-Dorsal nuclear translocation within 1 h after stimulation (Fig. 1D) , while the YFP-Relish reporter protein under the same conditions showed only minor increase in nuclear translocation (Fig. 1H ). In comparison, septic injury induced nuclear translocation of the two reporter proteins almost completely (Fig.  1E,I) . Thus, wounding also plays a role in the early onset of innate immune response in larvae. The inclusion of bacteria during the pricking process, however, can induce the response more efficiently.
Toll-YFP responses in whole larvae and in dissected fat bodies
The use of GFP fusion reporter proteins can serve as a sensitive in vivo assay for tissue response to microbial compounds. 15 To further establish this assay, we generated transgenic fly lines that can express Toll-YFP reporter protein under the control of the Gal4-UAS system. Examination of the Toll-YFP revealed that a significant amount of the fluorescence appeared to be associated with the fat body cell periphery ( Fig. 2A) , consistent with the predicted biological localization of this fusion protein to the cell membrane. 18 More interestingly, much of the Toll-YFP appeared along the fat body cell periphery as punctate fluorescence ( Fig. 2A) . Within 1 h of septic injury, the cell periphery-associated pattern was less obvious and the fluorescence signal became more evenly distributed (Fig. 2B,C) . We interpret the data as the Toll-YFP redistribution from the cell membrane to cytoplasm in response to stimulation. Thus, the cellular distribution of this Toll-YFP reporter protein can serve as an indicator of immune responsiveness. However, further analysis using double staining with various cellular markers is required to ascertain in more 264 Bettencourt, Tanji, Yagi, Ip detail the cellular biology of Toll receptor and its intracellular trafficking between different organelles.
After establishing the responsiveness of the Toll-YFP in whole animals, we examined the response of dissected fat bodies to commercially available compounds of microbial origin. Dissected larval fat bodies when treated with PBS showed minor changes in the Toll-YFP pattern (Fig. 2D,E) . Incubation with Gram-negative bacterial LPS or algal component LAM also caused minor changes in the Toll-YFP pattern (Fig. 2F,H) . On the other hand, incubation with Gram-positive bacterial LTA and PGN caused an increased aggregation of the punctate fluorescence at the cell periphery ( Fig. 2G,I) , although we did not observe redistribution of the fluorescence inside the cell (compare Fig. 1C with 1G) . Taken together, the reporter assay demonstrates that Toll may change its subcellular localization in response to infection. Moreover, dissected fat bodies can respond directly to microbial compounds, with Gram-positive bacterial compounds being the most effective at stimulating the Toll-YFP.
Constitutively active Toll and Toll-9 regulate similar target genes
It has been shown that wild-type Toll-9 behaves similarly to gain-of-function Toll. The expression of drosomycin, a known target gene of Toll, is strongly induced by transiently or stably transfected Toll-9. 13 We further compared the functions of Toll-9 and Toll in intact larvae by whole genome expression profiling. The gain-offunction Toll 10b and Gal4-UAS-Toll-9 larvae were used for RNA isolation and microarray assays. We picked the top genes from the two samples for comparison because they were highly and reproducibly induced ( Table 1) . Many antimicrobial peptide genes, including drosomycin are among these top genes. Northern blot analysis of drosomycin and cecropin expression confirmed that the genes were expressed to substantially higher levels in the Toll-9 expressing larvae (Fig. 3) . Overall, the microarray assay corroborates the previous finding that Toll-9 can regulate an antimicrobial response similar to that of activated Toll.
Detailed examination shows that of the 34 highest inducible genes in the Toll 10b sample, 22 were also ranked among the highest inducible genes in the Gal4-UAS-Toll-9 larvae ( Table 1 ). The second group of 12 highly inducible genes in Toll 10b was not ranked as top genes in Toll-9 expressing larvae. The third group of 14 genes was ranked among the highest inducible genes in the Toll-9 expressing larvae but was ranked lower in the Toll 10b sample. Nonetheless, approximately half of the genes in the second or third group showed substantial response to both Toll 10b and Toll-9. Meanwhile, the results also indicate that some genes (e.g. CG16772, CG9928, CG14191) were specifically regulated by Toll-9 but not Toll 10b . Conversely, a subset of genes (e.g. diphenol oxidase A3, modifier of mdg4, CG14406) were stimulated by Toll 10b but not Toll-9. By comparing gene expression between wild-type CantonS and the 127-Gal4 line, we did not observe any significant changes in the expression levels of the genes listed in Table  1 . Thus, the Gal4 expression itself does not have a significant effect. Overall, constitutively activated Toll and Toll-9 have a similar biological outcome of regulating a large number of target genes related to innate immune response.
DISCUSSION
We have described a series of biological assays showing that Drosophila innate immune response is regulated at multiple steps. The receptor Toll plays a critical role in receiving some of the signals from upstream pattern Toll and Toll-9 in Drosophila innate immune response 265 Fig. 3 . Toll-9 modulates antimicrobial peptide gene expression. Northern blot analysis was achieved with total RNA extracted from progeny obtained from crosses between 127-Gal4 and USA-Toll-9 lines. The 127-Gal4 line was used to drive the expression of Toll-9 in fat body tissues. RNA extracted from 127-Gal4 was used as a control for basal expression of indicated Drosophila antimicrobial immune genes. Radiolabeled cecropin, drosomycin, Toll-9 and rp49 probes were used for hybridization. Five independent transgenic Toll-9 lines were used for the assay. Higher levels of Toll-9 mRNA were detected in Gal4-UAS-Toll-9 larvae than in parental 127-Gal4 larvae. The drosomycin mRNA is highly induced in Toll-9 expressing larvae. The expression of cecropin is also induced in Toll-9 larvae. The table includes only the highly activated genes in the constitutively active Toll 10b mutant larvae or in the Gal4-UAS-Toll-9 larvae. The first group of genes is ranked among the most highly inducible genes in both Toll 10b and Toll-9. The second group of 12 genes is ranked among the most highly inducible genes in Toll 10b but is ranked lower than 36 (*) in Toll-9. The third group is ranked among the most highly inducible genes in Toll-9 but is ranked lower than 34 (*) in Toll 10b .
(Continued on next page) recognition events and in generating the responses. 1, 3 The method of septic injury in larvae leads to the most robust induction, and the combination of wound sensing and pathogen recognition is likely the most efficient way to induce innate immune response in larvae. By using isolated fat bodies, we show that Drosophila tissues expressing Toll-YFP can respond to microbial compounds. Stimulation with Gram-positive bacterial products LTA and PGN can result in substantial changes in the subcellular localization of Toll-YFP. It suggests that complex cellular changes, which await further exploration, may be associated with Toll receptor-mediated innate immune response. Our experiments also reveal the usefulness of ex vivo transgenic fat body experiments in addressing pattern recognition and antimicrobial gene expression. Because Toll has been firmly implicated in antifungal and antibacterial responses, the result that Toll-9 can also constitutively activate the expression of drosomycin is intriguing. Our genome-wide expression profile study demonstrates that Toll-9 activates not only drosomycin but also a large number of other genes. The profile in Toll-9 expressing larvae overlaps extensively with that in Toll 10b larvae, further supporting the idea that these two Toll family proteins may activate the same signaling pathway to regulate the innate immune response. Previous work has already demonstrated that the Toll signaling components Pelle and Cactus were likely employed in Toll-9 signaling. 13 In the meantime, some target genes seem to be specifically activated by either Toll 10b or Toll-9. These results may indicate distinct functions of Toll and Toll-9. However, the tissue distribution of 127 Gal4 driven UAS-Toll-9 expression may be different from that of the endogenous Toll promoter driven Toll 10b . The differences in target gene expression may only reflect the tissue distribution and not necessarily reflect differences in expression level within the same tissue. Another unresolved issue is whether Toll-9 can act as a receptor, nor do we know the biological consequence of the loss of Toll-9 function. Various possibilities, including characterization of the trafficking of Toll in response to infection, the recognition of microbial patterns upstream of Toll-9, and the formation of heterodimeric complexes of Toll and Toll-9, await further investigation.
(Continued from previous page) Many of the genes in the second and third group nonetheless showed substantial increase in both genetic backgrounds. A few genes showed more specific regulation under Toll-9 (e.g. CG16772, CG9928 and CG14191) or Toll 10b (e.g. diphenol oxidase A3, modifier of mdg4, CG14406). Computed gene symbols (CG number) are listed in the first column for those putative genes that are based on annotation of the Drosophila genome sequence and have not been formally named (<http://www.fruitfly.org>). In the second column, the cytological location of each gene is listed, followed by the known or putative biological function. The result represents an average of two independent experiments and the fold change was obtained from a comparison with control larvae, which were CantonS for Toll 10b and 127-Gal4 for Gal4-UAS-Toll-9.
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